We investigate the two-dimensional (2D) highly spin-polarized electron accumulation layers commonly appearing near the surface of n-type polar semiconductors BiTeX (X = I, Br, and Cl) by angular-resolved photoemission spectroscopy. Due to the polarity and the strong spin-orbit interaction built in the bulk atomic configurations, the quantized conduction-band subbands show giant Rashba-type spin-splitting. The characteristic 2D confinement effect is clearly observed also in the valence-bands down to the binding energy of 4 eV. The X-dependent Rashba spin-orbit coupling is directly estimated from the observed spin-split subbands, which roughly scales with the inverse of the band-gap size in BiTeX.
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In a nonmagnetic solid compound, spatial-inversion and time-reversal symmetries require the degeneracy of an electron's spin, which can be lifted in a noncentrosymmetric system by introducing spin-orbit interaction (SOI). The Bychkov-Rashba (BR) effect describes such SOI in an inversion-symmetry broken system, by simply considering a two-dimensional (2D) electron gas with an electric field applied along its perpendicular direction [1] . The Hamiltonian of the BR model is given by H BR = λ σ·( E z × k), where λ is the coupling constant reflecting the SOI, σ and k are the spin and momentum of electrons, and E z is the applied electric field. It gives an the effective magnetic field acting on the electron spin σ, whose orientation is normal to E z and k. The energy dispersion is characterized by the k-linear splitting of the free electron parabolic band dispersion as denoted by E ± ( k) = 2 k 2 /2m * ± α R | k|, where m * is the effective mass of the electron and α R gives the degree of Rashba-type spin-splitting
i.e. Rashba parameter. Until now, such asymmetry-induced spin-splitting has been actively investigated and designed in semiconductor heterostructures such as the InGaAs/GaAs system [2] . More recently, attempts to induce spin-splitting by applying the electric field in centrosymmetric heavy-element oxide semiconductors, such as KTaO 3 , are also reported [3] .
The spin-splittings in these systems have remained small compared to the thermal energy at room temperature, nevertheless, due to the weak SOI and/or small asymmetric E z that can be applied by such field effects.
Previously we reported the finding of a giant Rashba-type spin-splitting realized in the bulk of a polar semiconductor, BiTeI [4, 5, 6, 7] . Its peculiar polar crystal structure leads to a bulk-induced Rashba-type SOI, similarly as originally discussed in wurzite semiconductor materials [8] . The Rashba parameter α R for BiTeI is found to be as large as 3.5 eVÅ, which is comparable to the largest value reported thus far for a surface alloyed metal Bi/Ag(111) system [9] . By utilizing such a large Rashba-type spin-splitting nature built in the bulk semiconductor material, one may obtain a 2D electron system under a strong Rashba field near its surface and interface, which has been highly desired from the viewpoint of developing various spintronic functions [10, 11] and multi-functional interfaces [12] . In this Letter, we investigate the near-surface regions of the extended families of polar semiconductors BiTeX (X=I, Br, and Cl) by means of high-resolution angular-resolved photoemission spectroscopy (ARPES). Using first-principles calculations combined with the Poisson-Schrödinger (PS) method [13] , we precisely characterize the 2D confinement effect on electronic structures including both conduction-and valence-bands, emerging as a consequence of charge accu-2 mulation at the surfaces.
Single crystals of BiTeI were grown by the Bridgman method [4], whereas those of BiTeBr and BiTeCl were grown by the chemical vapor transport method. Laser-ARPES was performed using a vacuum ultraviolet laser (hν = 6.994 eV) and a VG-Scienta R4000 electron analyzer [14] with a total resolution energy of 4 meV. hν-dependent ARPES measurement (hν = 60 -84 eV) was performed by using the VG-Scienta SES2002 electron analyzer at BL28
in Photon Factory, KEK, with a total resolution energy of 20 -30 meV. Samples were cleaved in situ at around room temperature and measured at 10-15 K. Electronic-structure calculations for BiTeX were carried out within the context of density functional theory using the full-potential augmented plane-wave plus local orbital (APW-LO) method [4] . To simulate the effect of band bending, a 60 layer tight-binding supercell was constructed by downfolding the APW-LO Hamiltonian, using maximally localized Wannier functions [15, 16, 17] . The band bending potential was then obtained by solving the coupled PS equation [13] , assuming static dielectric constants 15, 10, and 6.5 for X=I, Br, and Cl, respectively.
The crystal structures of BiTeX are shown in Figs. 1(a) (X = I and Br; space group P 3m1) and 1(b) (X = Cl; P 6 3 mc). They are characterized by the alternative stacking of Bi-, Te-and X-layers, which gives rise to the polarity along the stacking axis. In contrast to the previous report indicating the disorder of Te and Br sites for BiTeBr [18] , the single crystalline BiTeBr we obtained was confirmed to possess the well-defined stacking of Teand Br-triangular lattices by x-ray diffraction measurements.
The calculated band structures for BiTeI and BiTeBr (BiTeCl) as shown in Fig confined in such 2D accumulation layers are known to form quantized conduction subbands [13, 19, 20] . In the present case of BiTeBr, all the subbands clearly distinguished indicate the giant Rashba-like splittings, thus offering direct evidence of a 2D spin-polarized electron system dominated by the huge Rashba-type effective magnetic field.
To grasp the topology and shape of these spin-split subbands, the constant energy crosssectional views of the band dispersions are shown in Fig. 2(b) . At E B = 0, i.e. E F , six
Fermi surfaces (FSs) corresponding to inner and outer FSs for the n = 1 ∼ 3 subbands are observed. The large ones, namely the outer and inner n = 1 FSs, are strongly distorted compared to the other small circular FSs. Such anisotropy arises from the higher-order terms of SOI reflecting the underlying crystal symmetry, beyond the Rashba-type (k-linear) spinsplitting, that becomes appreciable at large k. At deeper E B , the cross-sections of the bands become smaller and more isotropic. The band crossing point (Rashba point) is also clearly distinguished as a sharp point appearing at the zone center for some specific E B (e.g. 160 meV for the n = 2 subband). To discuss the realized 2D electronic structure, we introduce the PS method to calculate the subband structures by taking into account the band bending potential and 2D confinement at the accumulation layer [13] . Here, we fix the bulk carrier density and calculate the depth (z)-dependent energy V (z) and electron density n(z), which most accurately reproduce the observed subbands configuration [see Fig. 3 dominates at large k vectors [21] . This anisotropy gives rise to the observed deformation of the FSs.
To quantitatively evaluate the spin-splittings, we estimate the Rashba-parameter α R for BiTeX. Here we calculate α R by using the momentum offset at CBMs (k 0 ) and the Rashba energy (E R ), as depicted in Fig. 3(d) . They are related by E R = 2 k 0 2 /2m * and α R = 2E R /k 0 in the 2D free-electron BR model. Estimated values for E R , k 0 and α R are shown in Table I . There is no clear n-dependence in the obtained α R (e.g. for BiTeBr, α R = 2.0 ± 0.7, 2.0 ± 0.5, and 2.1 ± 0.7 eVÅ for n = 1, 2, and 3). This indicates that the Rashba-type spin- Table I . The huge spin-splitting of the CB in bulk BiTeI has been successfully explained by means of k·p perturbation theory [5] . According to this model, the SOI-induced band splitting near the E F , i.e. CBM and valence band maximum (VBM), is strongly affected by the unusual electronic structures around its band gap. In BiTeX, the VBM (CBM) is commonly composed of Te 5p (Bi 6p) orbitals. The band-gap size for BiTeX, on the other hand, is known to depend on X anions: The minimum gaps realized in BiTeX are found to be 0.36, 0.6, and 0.7 eV for X = I, Br, and Cl, respectively, from optical studies [22] .
The narrow energy separation between CBM and VBM, combined with the large atomic SOI of Bi, enhances the spin splitting via the second order perturbative k · p Hamiltonian [5] . Considering these aspects, the X-dependent spin-splitting in BiTeX can be primarily understood to follow the inverse of the band-gap size, as observed. and 0.2 eV (blue) for n = 1 and 2, similar to the laser-ARPES result in Fig. 3(a) , are clearly observed. They are commonly observed for hν = 60 -84 eV, thus indicating their 2D characters. As for the valence bands, the peak positions of the ARPES images which are k z -dependent (k z -independent) are carefully separated and plotted by green (red and blue) markers. The green markers correspond to the bulk band dispersions, which agree well with those previously obtained by the bulk-sensitive soft x-ray hν-dependent ARPES study [6] . Because of the surface sensitivity, however, the presently observed ARPES image tends to be broadened due to the k z summation. On the other hand, the k z -independent 2D band dispersions can be clearly observed, whose shapes are strikingly different from any k z components of the bulk band dispersions. To account for this, we calculated the near-surface electronic structure of BiTeI in a wider energy-range. The origin and mechanism of the near-surface band-bending for BiTeX, nevertheless, are yet unclear. Very recently, several studies report that accumulation (depletion) tends to occur at the Te-(X-) terminated surface [23, 24, 25] . It will be interesting to elucidate the near-surface charge accumulation in polar semiconductors from the viewpoint of the bulk (carrier density, band structure, polarity, etc.) and surface/interface properties, for further engineering of 2D strong SOI electron systems.
In summary, we investigated the electronic structure near the surface of polar semiconductors BiTeX. The quantized subbands with huge Rashba-type splitting were commonly observed in BiTeX, indicating the 2D electron accumulation layer with strong SOI robustly realized owing to the peculiar bulk structure. The observed X-dependence of the Rashba parameter shows the importance of the band-gap size in designing the SOI field near E F .
Together with the PS calculation, the 2D quantization was found to occur in a wide range of energy, including the valence bands deeply bound at several eV below E F .
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